Since its first appearance in 2011, Schmallenberg virus (SBV) has been repeatedly detected in aborted ruminant foetuses or severely malformed newborns whose mothers were naturally infected during pregnancy. However, especially the knowledge about dynamics of foetal infection in cattle is still scarce. Therefore, a total of 36 pregnant heifers were experimentally infected during two animal trials with SBV between days 60 and 150 of gestation. The foetuses were collected between 10 and 35 days after infection and virologically and pathologically investigated. Overall, 33 heifers yielded normally developed, macroscopically inconspicuous foetuses, but abundant virus replication was evident at the maternal/foetal interface and viral genome was detectable in at least one organ system of 18 out of 35 foetuses. One heifer was found to be not pregnant at autopsy. One of the animals aborted at day 4 after infection, viral RNA was detectable in the lymphatic tissue of the dam, in the maternal and foetal placenta, and in organs and lymphatic tissue of the foetus. In another foetus, SBV typical malformations like torticollis and arthrogryposis were observed. The corresponding dam was infected at day 90 of pregnancy and viral genome was detectable in the cerebellum of the unborn. Interestingly, no common patterns of infected foetal organs or maternal/foetal placentas could be identified, and both, sites of virus replication and genome loads, varied to a high degree in the individual foetuses. It is therefore concluded, that SBV infects in many cases also the bovine foetus of naïve pregnant cattle, however, the experimentally observed low abortion/malformation rate is in concordance to the reported low rates in the field during the first outbreak wave following the introduction of SBV. This observation speaks for a natural resistance of most bovine foetuses even during the vulnerable phase of early pregnancy, which has to be further studied in the future.
| INTRODUCTION
Viruses of the Simbu serogroup of the genus Orthobunyavirus (order Bunyavirales), which are widely distributed in Africa, Asia and Oceania (ICTV, 2017; Saeed, Li, Wang, Weaver, & Barrett, 2001 , Wernike & Beer, 2017 , are generally transmitted by insect vectors such as mosquitoes or biting midges and several members of this group infect ruminants. In late 2011, the first European member of this serogroup emerged near the German/Dutch border and subsequently spread very rapidly through the continent (EFSA, 2012 , Wernike, Conraths, et al., 2014 . Based on the location of the farm from which the virus was initially isolated it was named Schmallenberg virus (SBV). In keeping with further Simbu serogroup viruses, SBV is transmitted by Culicoides biting midges (Elbers, Meiswinkel, van Weezep, Sloet van Oldruitenborgh-Oosterbaan, & Kooi, 2013; Rasmussen et al., 2014) and infects predominantly ruminants.
An infection of adult animals causes none or only mild unspecific clinical signs such as fever, diarrhoea, or reduced milk yield . However, when pregnant dams are infected with Simbu serogroup viruses like Akabane virus (AKAV), Aino virus (AINOV), or Shuni virus during a critical period of pregnancy, abortion, premature or still birth or the birth of severely malformed newborns may be induced (Golender et al., 2015; Hashiguchi, Nanba, & Kumagai, 1979; Konno, Moriwaki, & Nakagawa, 1982; Kurogi, Inaba, Takahashi, Sato, & Satoda, 1977; Uchinuno et al., 1998) . The same holds true for SBV, the virus or specific antibodies have been repeatedly detected in aborted foetuses or malformed newborns whose mothers were infected during pregnancy (Bayrou et al., 2014; Bilk et al., 2012; De Regge, van den Berg, Georges, & Cay, 2013) .
The malformations which predominantly affect the central nervous and/or skeletal-muscular system are summarized as arthrogryposishydranencephaly syndrome (AHS) and include arthrogryposis, kyphosis, lordosis, torticollis, scoliosis, brachygnathia, mild to severe hypoplasia of the central nervous system, porencephaly, narrow spinal cords or poliomyelitis (Anonymous, 2012; van den Brom et al., 2012; Garigliany et al., 2012; Herder, Wohlsein, Peters, Hansmann, & Baumgärtner, 2012; Peperkamp et al., 2012) .
Based on field studies, the impact of SBV-infections seems greater in sheep than in cattle (Dominguez et al., 2014 , EFSA, 2012 .
In French farms affected in the early phase of the SBV epidemic on average 8% of the lambs, but only 3% of the calves showed typical congenital malformation (Dominguez et al., 2014) . Furthermore, in some sheep farms even more than 30% of the pregnant ewes of a season developed abortion or malformation (Dominguez et al., 2012) , a rate that was never reported from any cattle farm, even if the cows were oestrus synchronized. However, it is not known until now to which percentage the virus crosses the placental barrier in naïve pregnant cattle and, if the foetus gets infected, how often abortion or malformation are actually induced. In addition, the critical timeframe of pregnancy during which abortion or malformation may be caused is still not elucidated in detail for SBV. When the critical period during gestation were known it could be used to adapt the management and mating system in a way that susceptible animals are not pregnant in this critical phase during the season of the highest activity of the insect vectors responsible for virus transmission. Thereby a transplacental transmission of the virus to the developing foetus could be avoided. Deduced from AKAV and based on limited data of pregnant cows field-infected with SBV, the critical period of gestation is presumably between the third and sixth month of pregnancy (Kirkland, Barry, Harper, & Zelski, 1988; Konno et al., 1982; Kurogi et al., 1977; Wernike, Holsteg, Schirrmeier, Hoffmann, & Beer, 2014) .
In the present study, 36 pregnant cattle were experimentally infected with SBV at different time points during the presumed vulnerable period to determine the occurrence and dynamics of vertical transmission to bovine foetuses and the possible consequences.
| MATERIALS AND METHODS

| Experimental design
In a first experiment, 24 SBV naïve Holstein-Frisian heifers were purchased from a conventional cattle holding and housed in an insect-proof high containment stable. The animals were tested free of bovine herpesvirus type 1 and pestiviruses prior to the experiment. Twelve of the 24 heifers were inseminated at 60 days before experimental SBV-infection and 12 heifers were inseminated at 120 days before infection. Pregnancy was confirmed by a commercially available ELISA (IDEXX Bovine Pregnancy Test, IDEXX, Switzerland). All animals were transported to the animal facility of the FLI and six animals of each group were inoculated subcutaneously (s.c.) with 2 × 0.5 ml of an SBV field strain that was only passaged in cattle (infectious cattle serum; Wernike, Eschbaumer, Breithaupt, Hoffmann, & Beer, 2012 ). The inoculum was tested free of any bacterial contamination and it did not contain detectable nucleic acids of bovine herpesvirus type 1, pestiviruses, Rift Valley fever virus, bluetongue virus, foot-and-mouth disease virus or epizootic hemorrhagic disease virus (Wernike et al., 2012) . The remaining 12 animals (six animals inseminated 60 days before re-housing and six animals inseminated 120 days before re-housing) were used as controls to ensure that the transport stress, the handling of the animals and the blood sampling did not cause abortion. Those last mentioned 12 heifers were inoculated s.c. 4 weeks later with the cattle passaged SBV strain (Wernike et al., 2012) resulting in an infection at 90 or 150 days of gestation, respectively. The experimental design is also depicted in Figure 1 .
During the entire study, rectal body temperatures were measured daily and the animals were examined for clinical signs by veterinarians. Blood samples were taken daily during the first 8 days after infection and tested for the presence of viral RNA (Bilk et al., 2012) . In addition, sera were collected at weekly intervals and ana- Table 1 ). Serum samples were collected from the foetuses and analysed in duplicate by an SBV antibody ELISA (ID Screen Schmallenberg virus Indirect, IDvet, France).
In a subsequent experiment, 11 pregnant heifers were infected around day 120 of pregnancy (range day 105-120), a 12th animal was likewise infected, but it was found to be not pregnant at necropsy. Pretesting (pregnancy ELISA, virological and serological analysis), inoculum (infectious cattle serum), route of infection, sampling and sample analysis were identical to the first trial. In order to elucidate the pathogenesis at the early stages of SBV-infection, autopsy was carried out at different time points after infection: two animals each were euthanized at days 10, 11, 14, 15, 28, or 
| RNA extraction and real-time PCR
Organ samples taken at autopsy were homogenized in 1 ml serum-free minimum essential medium (MEM). RNA from 100 μl of blood or cerebrospinal fluid or 100 μl of tissue homogenate was extracted using the King Fisher 96 Flex (Thermo Scientific, Braunschweig, Germany) in combination with the MagAttract Virus Mini M48 Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions and analysed by an S-segment based real-time RT-PCR (Bilk et al., 2012) .
The quantification cycle (Cq) values of the samples taken at autopsy were graded, zero points were awarded for negative results F I G U R E 1 Experimental design. In the first experiment, groups of six pregnant heifers each were infected on days 60, 90, 120 or 150 of pregnancy and euthanized 35 days post-infection (upper figure panel). In the second experiment, 11 pregnant heifers were infected on day 120 of pregnancy and euthanized at varying time points after infection (lower figure panel) . The months of gestation are shown above of the first experiment and each month is symbolized by a rectangle, the presumed critical phase for the development of SBVinduced malformation is shaded in red. All dams became infected and in the serum of each animal was viral RNA detectable for three to five consecutive days (Figure 2 ). Three to six animals of each group showed elevated rectal body temperatures for a few days (Supporting information Figures S1 and S2 ), but no further clinical symptoms were observed. From 14 days post infection (dpi) onwards SBV-specific antibodies could be detected. Only the animals that were euthanized 10 or 11 dpi did not seroconvert (Figure 3 ).
| Experiment 1: Determination of the critical time point for bovine foetal SBV-infection
At the time of necropsy (5 weeks after infection), SBV genome was not detected in the blood circulation of the dams. However, in the lymphatic tissue of every adult animal SBV-RNA could be detected independently of the stage of gestation at the time point of infection. In addition, SBV genome was detectable in the maternal placental tissues of 11 animals (Figure 4 ).
In the foetal circulation, viral genome was present in two out of six foetuses whose mothers were infected at day 60 of gestation, in one of six foetuses from the day 90 group and in three out of six foetuses whose mothers were infected at day 120 of pregnancy.
When the dams were infected at day 150 of gestation, no viral RNA could be detected in the foetal blood ( Figure 4 ; Table 2 ).
The foetal placenta scored positive in three (day 60 group), two (day 90), five (day 120), and three cases (day 150) respectively. 
| Experiment 2: Virus transmission at early stages of SBV-infection
One heifer was found to be not pregnant at the end of the study and one of the heifers aborted at day 4 after infection (animal num- for SBV genome until 14 dpi, and in one animal which was euthanized 15 dpi. In the foetal circulation, viral RNA could be detected in a total of four foetuses (necropsy at 10, 11, 11, and 15 dpi). Only in the aborted foetus (4 dpi), and in one foetus of the 10 dpi group, could SBV be also detected in foetal organs ( Figure 5 ; Table 2 ).
The overall proportion of infected foetuses was lower than in the first experiment (Table 2) . Abundant virus replication at the maternal/foetal interface was evident with rapidly decreasing numbers of genome copies in maternal and foetal placenta tissues over the time ( Figure 5 ; Table 2 ).
| DISCUSSION
Since its emergence in Central Europe, SBV has been repeatedly detected in aborted ruminant foetuses or newborns showing severe malformation in the central nervous and/or skeletal-muscular system (Bayrou et al., 2014; Bilk et al., 2012; van den Brom et al., 2012; Garigliany et al., 2012; Herder et al., 2012; Peperkamp et al., 2012) . A transplacental infection of the developing foetus seems only possible after the establishment of the first placentomes which takes place in cattle at about 30 days after conception (Rüsse, 1991) . Furthermore, the critical time point for the induction of malformation is most likely limited to the time before the foetus becomes immunocompetent (between 60 and 150 days of gestation), and anti-SBV antibodies produced by the foetus itself may assist in the clearance of the virus from the foetus (De Regge et al., 2013) . Therefore, the timeframe during which an SBV-infection of bovine foetuses might lead to AHS ranges from 30 to 150 days after conception which is the well-known period for the induction of malformation after transplacental infection with the Simbu serogroup virus AKAV (Kirkland et al., 1988; Konno et al., 1982; Kurogi et al., 1977) .
Accordingly, no viral genome could be detected in the organs or neural tissue of foetuses infected on day 150 of pregnancy in the present study. However, in these cases specific antibodies could also not be detected, although the infection took place in a phase of gestation in which the foetuses are immunocompetent and can develop anti-SBV antibodies as was described previously (De Regge et al., 2013; Wernike, Holsteg, et al., 2014) . The missing detection of anti-SBV antibodies in immunocompetent foetuses in the present study indicates that the virus was not transplacentally transmitted from the dam to the foetus and, as a consequence, that these foetuses were most likely not infected at all. Such a restricted transplacental transmission rate has been already suggested based on retrospectively analysed data from field-infected dams (Veldhuis, Carp-van Dijken, van Wuijckhuise, Witteveen, & van Schaik, 2014; Wernike, Holsteg, et al., 2014) , but was not experimentally confirmed until now.
T A B L E 2 Proportion of SBV-positive animals per infection group
Another assumption from field studies was that the abortion/malformation rate following in-utero infection of bovine foetuses is low (Veldhuis et al., 2014; Wernike, Holsteg, et al., 2014) . In accordance with this assumption, the experimental data confirmed that transplacental SBV-infection leading to an abnormal course of pregnancy in cattle is a rare event: only one SBV-induced abortion and one SBVpositive malformed foetus were observed after experimental infection of 35 gravid heifers. However, a correlation between viral load in the respective tissue and abortion or malformation could not be established, since in the aborted/malformed cases fewer organs were affected than in some of the macroscopically inconspicuous calves, and only low viral genome loads could be detected in the aborted or malformed foetuses themselves. Besides, also in the inconspicuous calves varying pattern of virus distribution or even completely negative foetuses were found despite the fact that an SBV-infection of every mother could be confirmed by viraemia and a prolonged detection of viral genome in the maternal lymphatic tissue which is a common phenomenon after experimental SBV-infection (Wernike et al., 2012 (Wernike et al., , 2013 .
In the first experiment of the present study, the lower rate of SBV-genome detection in the foetuses could be related to an elimination of infectious SBV from the foetuses since they were collected only 5 weeks after infection of the dams. The foetuses were therefore also analysed in earlier stages after SBV-infection in a subsequent experiment, in which all dams were infected at about 120 days of gestation, the time point that led most frequently to placental affection with a crossing of the placental barrier in the first experiment. Extra-embryonic structures were often found positive which has been likewise described after natural SBV-infection of cattle or sheep or experimental infection of pregnant ewes with SBV or AKAV (Bilk et al., 2012; De Regge et al., 2013; Martinelle et al., 2015; Parsonson et al., 1981; Poskin et al., 2017) . However, in the second cattle study, a low in utero transmission rate of SBV to the foetus could be confirmed, and even in early stages of infection no or only low genome loads were observed in the developing foetuses.
In summary, no common patterns of infected foetal bovine organs could be identified. Sites and amounts of virus replication varied to a high degree in the individual foetuses in both experiments. From this observation and the low number of aborted or malformed foetuses it can be concluded that the assumptions of a more limited impact of SBV on bovine compared to ovine foetuses deduced from case-control studies (Dominguez et al., 2014; Veldhuis et al., 2014) were confirmed by experimental infection of cattle during the vulnerable period of pregnancy. However, future foetal pathogenesis studies are hampered by the low rate of abortion/malformation, and the "natural resistance" of bovine foetuses should be studied in the future. Also the difference to other Simbu viruses should be analysed in comparative experiments, for example, with AKAV or Shuni virus.
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